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ABSTRACT
Highly confined DNA damage by femtosecond laser
irradiation currently arises as a powerful tool to
understand DNA repair in live cells as a function
of space and time. However, the specificity with
respect to damage type is limited. Here, we
present an irradiation procedure based on a widely
tunable Er/Yb:fiber femtosecond laser source that
favors the formation of DNA strand breaks over that
of UV photoproducts by more than one order of
magnitude. We explain this selectivity with
the different power dependence of the reactions
generating strand breaks, mainly involving reactive
radical intermediates, and the direct photo-
chemical process leading to UV-photoproducts.
Thus, localized multi-photon excitation with a
wavelength longer than 1km allows for the selec-
tive production of DNA strand breaks at sub-
micrometer spatial resolution in the absence of
photosensitizers.
INTRODUCTION
Techniques to induce local DNA damage in the nuclei of
living cells have been pivotal to the elucidation of DNA
repair mechanisms, principally those responding to UV-
mediated lesions. Discrete sites of damage were generated
either via focusing of UV lasers (1,2) or by globally
irradiating cell monolayers through polycarbonate ﬁlters
with pores of deﬁned size as a shadow mask (3). These
studies allowed for the spatiotemporal analysis of the
nucleotide excision repair (NER) pathway (4). In order
to exploit these techniques also for the study of DNA
double strand break (DSB) repair that is mainly
mediated by homologous recombination (HR) and non-
homologous end joining (NHEJ), two variants were
introduced: the ﬁrst relies on the expression of an exoge-
nous UV-damage endonuclease that introduces single
strand breaks at the sites of UV lesions (5). The second,
more widespread procedure consists in preincubating the
cells with sensitizers like the thymidine analog bromo-
deoxyuridine (BrdU) and/or the DNA intercalating drug
Hoechst (6–9). Drawbacks of these methods are the neces-
sity to create endonuclease-expressing cell lines and the
unwanted side eﬀects of the sensitizers (10).
Furthermore, the speciﬁcity of these techniques has been
questioned by reports showing that in the presence of
sensitizers, also cyclobutane-pyrimidine dimers (CPDs)
are formed in addition to the desired DSBs (11).
Recently, irradiation with pulsed femtosecond lasers in
the near infrared has emerged as a powerful technique to
generate DNA damage at high spatial resolution (12). The
main advantages consist in the 3D conﬁnement of the
lesions and the reduced phototoxicity. Several studies on
the dynamics of DNA repair proteins in living cells have
employed Ti:sapphire femtosecond lasers emitting
around 800nm. First reported as being an eﬃcient
inducer of CPDs, multiphoton absorption at this wave-
length has meanwhile been shown to generate a broad
spectrum of lesions including 6-4 photoproducts
(6-4 PPs) and DSBs (11,13). The lack of speciﬁcity poses
a strong limitation to this method as a tool to study indi-
vidual DNA repair pathways in living cells.
Prompted by a recent report showing that a wavelength
shift of 18nm in the UV range of the spectrum (from
312 to 330nm) drastically inﬂuenced the nature of the
UV-photoproducts generated by linear absorption (14)
we asked whether the outcome of multiphoton excitation
in the near infrared could also be inﬂuenced by modifying
the excitation wavelength. To our knowledge, no data
are available so far on DNA photodamage by infrared
irradiation beyond 800nm. Taking advantage of the
ultrabroadband tunability of our femtosecond laser
source (15) we have therefore compared DNA damage
induction at two wavelengths in the near infrared,
namely 775 and 1050nm. A quantitative analysis of the
power dependence of diﬀerent types of DNA lesions
allowed us to identify conditions that speciﬁcally favor
DSBs with respect to UV photoproducts. With the
increasing commercial availability of tunable femtosecond
lasers this method can be easily employed in non-
specialized laboratories as a tool to selectively induce
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HeLa 229 cells were grown in Dulbecco’s modiﬁed Eagle’s
Medium (Invitrogen) supplemented with 10% fetal
calf serum (FCS), and 100U/ml penicillin–streptomycin.
For microscopy experiments cells were seeded in grid-500
dishes (Ibidi) to allow for easy identiﬁcation of irradiated
cells. For XRCC1–GFP expression, Hela cells were
transfected with Eﬀectene (Qiagen) according to the
manufacturer’s instructions.
Antibodies and immunocytochemistry
Cells were ﬁxed immediately after laser irradiation in PBS
containing 4% paraformaldehyde for 15min. For the
detection of UV-photoproducts (this term indicates
CPDs and 6-4 PPs), cells were extensively washed in
PBS containing 0.1 % Tween 20 (PBS/Tween) followed
by DNA denaturation in a 0.07M NaOH solution in
PBS for 8min. After several washing steps in PBS/
Tween, cells were incubated in 20% FCS in PBS for
30min. Antibody incubations occurred overnight at 4 C.
The a-6–4 PP antibody (MBL) was diluted 1:3000, the a-
CPD antibody (MBL) was diluted 1:1000 in PBS contain-
ing 5% FCS. Alexa Fluor 568-conjugated goat a-mouse
immunoglobulins (Molecular Probes) were used as
secondary antibody. DNA was counterstained with
Hoechst 33342 (200ng/ml). For the detection of H2AX
phosphorylation, cells were treated after ﬁxation for
10min with PBS containing 50mM NH4Cl, washed in
PBS and permeabilized with 0.2% Triton-X-100in PBS
for 5min. After incubation in a 1% solution of bovine
serum albumin (BSA) in PBS, mouse a-gH2AX
antibody (Upstate) was applied at a dilution of 1:500in
PBS containing 10% normal goat-serum (Sigma Aldrich).
Detection of reactive oxygen species
Cells were washed twice with PBS prewarmed at 37 C
followed by incubation in PBS containing 10mM 5,6-
Chloromethyl-20,70-dichlorodihydroﬂuorescein-diacetate
(CM-H2DCFDA) (Molecular Probes) for 40min on the
microscope stage heated to 37 C. After two washing
steps with prewarmed PBS, cells were irradiated, leading
to reactive oxygen species (ROS) formation and oxida-
tion of CM-H2DCFDA to its ﬂuorescent form
5,6-Chloromethyl-20,70-dichloroﬂuorescein (5,6-CM-20,70-
DCF) (16). For quenching experiments, N-acetyl-
cysteine (Sigma-Aldrich) was added at 4mM concentra-
tion. Imaging of ROS-speciﬁc signals occurred as
described below.
DNA damaging and imaging setup
Our setup consists of a Pascal 5 laser scanning microscope
from Carl Zeiss and a widely tunable femtosecond
Er:ﬁber system (15). The pulse repetition rate is
107MHz. In order to further increase the average
output power in the wavelength regime beyond 1000nm,
an Yb:ﬁber ampliﬁer stage was added. This combination
provides a train of pulses with a duration of 77fs at a
wavelength of 1050nm. In addition, the laser provides
230fs pulses at 775nm via frequency doubling of an
Er:ﬁber ampliﬁer. This wavelength serves to establish
comparison to previous work carried out with
Ti:sapphire lasers. All pulse durations given were deter-
mined in the focal plane of the microscope. They were
measured by interferometric autocorrelation using a
home-built device (15). Similar autocorrelators for pulse
diagnostics in the focal plane of microscope systems are
commercially available. The objective lens used for the
induction of DNA damage as well as for the subsequent
imaging is a 40  oil immersion lens with a numerical
aperture of 1.3 (EC-Plan-Neo-Fluar, Carl Zeiss). At a
wavelength of 775nm, the full widths at half maximum
(FWHM) of the point spread function (PSF) for two-
photon excitation of subresolution-size ﬂuorescent beads
(PS-Speck, 175nm, Molecular Probes, Invitrogen) were
d=270nm in lateral and a=590nm in axial direction.
For 1050nm we found a lateral width of d=377nm and
an axial extension of a=1.4mm.
The average power after transmission through the
microscope was measured with a calibrated large-area
photodiode (S130 A, Thorlabs). To avoid errors due to
internal reﬂections, immersion oil was applied between the
objective lens and the large-area photodiode. This method
was double checked by employing a double transmission
technique. To this end a mirror was placed in the focal
plane to retroreﬂect the beam. Before the microscope
a beam splitter was inserted to quantify the reﬂected
irradiation with a thermal power meter. Both measure-
ments yielded identical transmission values. Artifacts due
to nonlinear absorption were avoided by working well
beyond the focal plane. The following equation was
used to calculate the peak irradiance: Ipeak=Pav/
(frep t p r
2). frep is the pulse repetition rate of
our system, t the pulse duration (FWHM of the
intensity) and r is the radius of the irradiated spot,






For excitation at 775nm we reached a peak irradiance
of 312GW/cm
2 in the focal plane. The maximum intensity
at a wavelength of 1050nm amounts to 1200GW/cm
2.
The pixel dwell time was set to 44.2ms and two crossed
lines were irradiated in each experiment. Each line was
10mm in length, corresponding to 76 pixels. The cross is
a clearly distinguishable pattern that does not exist in
untreated cells. It is therefore preferred to spot-like
patterns. The dimension of the exposed volume was
38ﬂ, as estimated from the line length (10mm) and the
axial extension of the PSF determined above. We note
that this value refers to a two-photon absorption
process. The actual DNA damage requires higher-order
nonlinear interactions. Therefore it is conﬁned to an
even smaller volume.
XRCC1–GFP accumulation at the site of damage and
5,6-CM-20,70-DCF generation were detected using the
488nm line of the CW Ar-ion laser provided with the
LSM 5 Pascal. An initial control image was taken
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was taken 64s after irradiation. This frame was subse-
quently employed for signal quantiﬁcation. Minimum
laser power was employed to avoid acquisition bleaching.
Immunoﬂuorescence signals were visualized with a Zeiss
Axiovert 200M microscope using epi-illumination with
proper excitation and emission ﬁlters and keeping identi-
cal microscope and camera settings between experiments.
Image analysis
Quantiﬁcation of ﬂuorescence images was performed
with ImageJ (http://rsb.info.nih.gov/ij). For evaluation
of XRCC1–GFP accumulation (Figure 3), the average
ﬂuorescence intensity was analyzed in the area of accumu-
lation. To account for varying expression levels a neigh-
boring area of identical size was taken as reference.
For quantiﬁcation of immunocytochemistry experi-
ments, the average intensity was measured in a region of
interest encompassing the damage-speciﬁc signal and in a
reference area within the same cell. In the latter
experiments, XRCC1–GFP signals served as positive
controls to identify the damaged region in cells with
weak or no staining.
RESULTS
Experimental setup
We extended a confocal microscopy setup consisting of a
femtosecond Er:ﬁber laser coupled to a Carl Zeiss LSM 5
Pascal laser scanning microscope (15) by adding a
Yb:ﬁber ampliﬁer (Figure 1). This device delivers
output spectra centered at 1050nm with a bandwidth of
up to 50nm (FWHM). After pulse compression we
achieve a pulse duration of 77fs. The system is used to
irradiate nuclei of live HeLa cells at 775 and 1050nm.
Details about the imaging parameters are given in
‘Materials and Methods’ section.
Recruitment of XRCC1 after femtosecond laser
irradiation at 775 and 1050nm
To achieve a quantitative comparison of the eﬀects caused
by the two excitation wavelengths we ﬁrst sought to
identify irradiation conditions that trigger a similar level
of response of the DNA repair machinery. As an indicator
we choose the DNA repair factor XRCC1, which is sen-
sitive to a broad spectrum of lesions, mostly substrates of
the base-excision repair (BER) pathway (17,18).
More recently, it was also shown that XRCC1 is
involved in NER (19). We monitored the accumulation
of an XRCC1–GFP fusion at the site of femtosecond
laser exposure in nuclei of HeLa cells using diﬀerent
peak irradiance values at 775 and 1050nm. XRCC1–
GFP readily aggregates at damaged sites in live HeLa
cells at both wavelengths. The spot of accumulation is
restricted to the focal region as expected for a nonlinear
absorption process (Figure 2).
Signal quantiﬁcation revealed that  3 times higher peak
powers are necessary at 1050nm to achieve recruitment
levelscomparableto775nm.Thisﬁndingmaybeexplained
by the higher number of photons involved in each elemen-
tary absorption event that is required at 1050nm owing to
the lower quantum energy. The damage yield as a function
of irradiation intensity and wavelength is shown in Figure
3. We ﬁnd diﬀerent initial slopes of the power dependence
of 4.9±2.1 for excitation at 775nm and of 8.3±4.0 at
1050nm, respectively. This result directly supports our
interpretation of a higher-order nonlinear absorption
process for the case of longwave excitation.
Interestingly, we observed the onset of some saturation
behavior for peak intensities above 300GW/cm
2 at 775nm
and 900GW/cm
2 at 1050nm. In this regime, a threshold
for maximum accumulation of XRCC1 became apparent,
suggesting a comparably high density of DNA lesions
at the two wavelengths. We therefore choose these
conditions for the following experiments aimed at the
characterization and quantitative comparison of the dif-
ferent types of underlying DNA damage.
Figure 2. XRCC1–GFP accumulates at irradiated sites in HeLa cell
nuclei. HeLa cells expressing an XRCC1–GFP fusion were irradiated
with the Er/Yb:ﬁber laser tuned to 1050nm along two intersecting
lines. The cells were ﬁxed within 1min after irradiation and imaged
subsequently by confocal microscopy. The orthogonal projections high-
light the spatial conﬁnement of the XRCC1–GFP signal. Green:




λ = 1050 nm
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YDFA HNLF GC
Figure 1. Schematic of the setup used for DNA microdamage, con-
sisting of a femtosecond Er:ﬁber laser system, a periodically poled
lithium niobate crystal for second harmonic generation (SHG), a
highly nonlinear germanosilicate ﬁber (HNLF) for generation of a
tailored supercontinuum and a Yb:ﬁber ampliﬁer (YDFA) with subse-
quent grating compressor (GC). The microscope is a laser scanning
confocal LSM 5 Pascal from Carl Zeiss.
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on irradiance at 775 and 1050nm
Next, we investigated the power dependence of three
types of lesions, namely DSBs, CPDs and 6-4 PPs.
Phosphorylation of histone H2AX was taken as an estab-
lished indicator for DSBs, while UV photoproducts were
detected directly via speciﬁc antibodies. After excitation
with the femtosecond laser at the irradiance values deter-
mined above, DNA damage was detected by immunocyto-
chemistry and the corresponding signals were quantiﬁed.
Comparison of the power dependence of the signals
reﬂecting the diﬀerent DNA lesions revealed that the
level of H2AX phosphorylation is similar and saturated,
not varying signiﬁcantly at both wavelengths. In contrast,
a marked diﬀerence is observed in the case of UV
photoproducts which decrease signiﬁcantly at 1050nm.
Thus, the ratio between DNA strand breaks and UV
photoproducts is nearly one order of magnitude larger
at 1050nm as compared to 775nm at the lowest irradia-
tion power. In addition, the power-dependent increase of
photoproduct induction is more pronounced at 1050nm
than at 775nm (Figure 4). As a result, a regime around
950GW/cm
2 is identiﬁed for excitation at 1050nm that
allows for highly selective generation of DSBs. Direct
visualization of the immunocytochemical labeling of
HeLa cells irradiated either at 775nm (253GW/cm
2)o r
at 1050nm (947GW/cm
2) independently conﬁrms this
conclusion: at the shorter wavelength, signals speciﬁc for
gH2AX, CPDs and 6-4 PPs are readily observable, while
at 1050nm the photoproduct-speciﬁc signals fall below the
detection limit (Figure 5).
ROS contribute to the generation of DSBs by
femtosecond laser irradiation
ROS are an accepted source of multiple DNA alterations
including DSBs in cells treated with various genotoxins
or subjected to radiative exposure (X-rays, UV) (20–23).
On the other hand, femtosecond laser irradiation was
reported to produce ROS in live cells (24).
In order to explore the role of ROS in our system, we
monitored their production using the ﬂuorescent indicator
CM-H2DCFDA. Excitation both at 775nm (326GW/
cm
2) and 1050nm (800GW/cm
2) leads to a ﬂuorescent
signal localized along the laser path. This signal was
eﬀectively quenched in presence of the scavenger
N-acetylcysteine (NAC) (Figure 6A).
To answer the question as to whether ROS production
correlates with the induction of DSBs we choose irradia-
tion conditions at 775 and 1050nm that would induce
diﬀerent amounts of ROS and measured the respective
levels of gH2AX-speciﬁc signal produced under the same
conditions. Signal quantiﬁcation shows a highly signiﬁ-
cant correlation between the level of ROS and that
of gH2AX, strongly indicating that oxygen radicals
peak irradiance ( )
λ =




Figure 3. Dependence of XRCC1 accumulation at 775 and 1050nm from irradiance. Quantitative analysis of images of XRCC1–GFP expressing
HeLa cells exposed to femtosecond pulses at 775 and 1050nm as shown in Figure 2. Images were taken 64s after irradiation at diﬀerent peak
irradiance values. The results are plotted on a double logarithmic scale. A linear function was ﬁtted and the resulting slopes are 4.9±2.1 at 775nm
and 8.3±4.0 at 1050nm. For each data point the accumulation of at least 10 cells was averaged. Error bars show standard deviation.
Figure 4. Dependence of signals speciﬁc for gH2AX (black circles), CPDs (green triangles) and 6-4 PPs (red squares) on the peak irradiance.
Note that both axes are plotted on a logarithmic scale. Error bars show the standard deviation. Each data point represents the average value
from at least eight cells. The slopes for a linear ﬁt are 3.7±0.9 (CPDs) and 3.8±0.5 (6-4 PPs) at 775nm, and 8.9±2.6 (CPDs) and 8.1±1.2
(6-4 PPs) at 1050nm.
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system (Figure 6B).
DISCUSSION
Purpose of this study was to determine which types of
lesions are induced when cellular DNA is irradiated
in situ with infrared femtosecond laser pulses and
whether the result may be inﬂuenced by the excitation
wavelength. In a recent investigation, Dinant et al. (11),
have compared pulsed 800nm with focused UV-C
(266nm) and with 405nm irradiation, the latter
combined with Hoechst 33342 sensitization. At 266nm
they can identify conditions that selectively generate
UV-photoproducts but no DSBs, as judged by the exclu-
sive recruitment of NER repair factors to the site of
damage. The other two regimes were shown to produce
a broad variety of DNA lesions as well as aberrant
reactions, leading the authors to conclude that ‘the selec-
tive induction of DNA strand breaks cannot be achieved
with currently existing laser-assisted damaging methods’.
Similar results were reported recently by Kong and
coworkers (13). However, the potential of wavelengths
beyond 800nm has not been explored so far. Here, we
have employed our broadly tunable Er/Yb:ﬁber laser to
quantitatively compare the eﬀects of femtosecond laser
pulses at 775 and 1050nm. Our data show that increasing
the wavelength beyond the maximum of three-photon
absorption for DNA ( 3 times lmax,linear 260nm)
strongly decreases the eﬃciency of UV photoproduct for-
mation. Under the same conditions, DNA strand breaks
are still produced at high levels. The net result is an
increase in the yield of DNA strand breaks by more
than one order of magnitude when the irradiation power
is chosen appropriately. The optimum selectivity is
achieved at a peak intensity of 950GW/cm
2 for an excita-
tion wavelength of 1050nm. We show a representative
image of a damaged nucleus, displaying a bright
gH2AX-speciﬁc signal and no detectable UV-
photoproducts in Figure 5.
The diﬀerent behavior of the two investigated
wavelengths with respect to their ability to damage
DNA may be interpreted in terms of the distinct
mechanisms involved. CPDs and 6-4 PP are products of
a chemical reaction induced by direct multiphoton excita-
tion of DNA that has its maximum of linear absorption in
the UV-C range at around 260nm (corresponding to a
photon energy of 4eV). Therefore, the same transition
requires three photons at 775nm (photon energy of
1.6eV) and four photons at 1050nm (corresponding to
1.18eV per quantum of light). As a result, high photon
ﬂuxes above 1050GW/cm
2 are needed at the longer
wavelength in order to produce a signiﬁcant amount of
UV photoproducts. In addition, due to the fourth power
dependence of the reaction, the eﬃciency of multiphoton
absorption decreases more rapidly at 1050nm than at
775nm (compare the graphs in Figure 4).
In strong contrast to UV-photoproducts, DSBs are
formed after pulsed infrared irradiation via indirect
mechanisms involving ionic and radical intermediates.
Femtosecond laser excitation of biomaterials was shown
to generate free electrons by low-density plasma formation
over a broad range of conditions (25). The chemical pro-
cesses triggered by free electrons are discussed as one
major source of DSBs in the spatially extremely conﬁned
irradiation region (13). In the presence of water, this
involves the production of solvated electrons (26) and
multiple reactive intermediates such as superoxide,
Figure 5. Femtosecond laserpulsesat1050nmselectivelyinduceDSBsin
HeLa cell nuclei. Immunocytochemical analysis of HeLa cells expressing
XRCC1–GFP. Cells were irradiated at 775nm (253GW/cm
2) or 1050nm
(947GW/cm
2), ﬁxed and labeled with antibodies speciﬁc for gH2AX,
CPDs and 6-4 PPs. The XRCC1–GFP signal served as a positive
control and allowed to identify the irradiated region.
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per se were shown to attack DNA in aqueous buﬀered
solution (29). The production of ROS in live cells by
800nm femtosecond pulses has also been demonstrated
(24). In the present study, we show a quantitative corre-
lation between ROS levels and H2AX phosphorylation.
These reactions exhibit high cross-sections because of
the high concentration of water and polar species
(nucleotides, proteins, salts) in the nuclear environment.
In addition, laser-driven plasma generation and multi-
photon photodissociation are processes beyond the
regime of perturbative nonlinear optics where the eﬃ-
ciency depends less on photon energy but on the peak
electric ﬁeld of the optical wave (25). On the other hand,
the ﬁnite time it takes reactive species to diﬀuse toward
the DNA in combination with the onset of bimolecular
recombination limits the increase of damage with irra-
diation intensity at some point. In our experiments
we observed saturating levels of the DSB indicator at
both excitation wavelengths applied. Exploiting the
increasing power dependence of UV photoproducts at
longer wavelengths, we were able to identify conditions
that allow for the selective production of DSBs at
1050nm.
Oxidized bases, such as 8-oxoguanine, were not
observed in our experiment (data not shown). This result
is in agreement with data recently published by Kong et al.
(13). These authors detected oxidative base damage after
UV-A microirradiation but not with femtosecond pulses
at a wavelength of 800nm. In addition, a ﬂuorescently
tagged fusion of 8-oxoguanine-glycosylase (OGG1), the
repair enzyme responsible for excision of 8-oxo-G, failed
to accumulate at irradiated sites (data not shown).
We conclude that under our experimental conditions, the
generation of oxidative base damage is negligible as
compared to DSB induction.
Diﬀerent to the ﬁndings by Tirlapur et al. (24), we do
not observe nuclear fragmentation and cell death under
our irradiation conditions (data not shown). Still, we
found ROS production both at 775 and 1050nm. A dis-
crepancy with the results of Hockberger et al. (30), who
did not detect ROS at 1047nm may be explained by the
lower peak irradiance (estimated to be about 3 times
lower, i.e. <350GW/cm
2) and the shorter pixel dwell
times employed in their study. On the other hand, our
parameters settle well below those used for intracellular
dissection and cell transfection (25), both methods that
introduce cell injury.
Figure 6. ROS contribute to DNA strand breaks induced by femtosecond irradiation. (A) HeLa cells were incubated with CM-H2DCFDA before
excitation at 775nm (326GW/cm
2) and 1050nm (800GW/cm
2). Images taken prior to and immediately after exposure are shown. As a control, cells
were pre-treated with 4mM NAC. NAC eﬀectively quenches the ROS-speciﬁc signal. (B) Irradiation conditions were chosen such as to generate
 50% less ROS at 1050nm as compared to 775nm. Cells were irradiated in parallel experiments, monitored for the production of ROS and labeled
with a gH2AX-speciﬁc antibody. The eﬀect on the gH2AX-speciﬁc signal correlates quantitatively with the decrease in ROS. Data points are an
average of at least 34 cells. Error bars show standard error of the mean.
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irradiation of live cell nuclei that introduces DSBs with
high selectivity and minimum phototoxicity. The ability
to induce selective damage with sub-micrometer spatial
resolution in three dimensions represents a signiﬁcant
advantage over more conventional methods such as treat-
ment with X-rays or a-particles. We expect that further
optimization of the parameters excitation wavelength,
pulse duration and peak intensity will improve the
discriminatory potential of this method for various types
of damage.
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